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ABSTRACT

The aim of this research was to synthesise fatty acids via hydrolysis reaction of refined
palm oil with water in a batch reactor using solid oxide catalysts, namely alumina and zinc
aluminate. Effect of the calcination temperature of catalysts and variables that affect the percent
conversion and yield were studied. It was found that an appropriate calcination temperature in air
for 5 hours was at 500 °C for alumina, and at 600 °C for zinc aluminate. The percent yield of
fatty acids was increased when reaction temperature, reaction time, molar ratio of water to oil,
and the amount of catalyst were raised. The optimum condition in this research was 54:1 molar
ratio of water to oil at 240 °C for 60 minutes using 3.0 wt.% of zinc aluminate as catalyst. Percent
conversion of triglycerides for this condition was 100.0 % and percent yield of fatty acids was
100.0 %. Zinc aluminate was shown to be more effective than alumina due to the reason that zinc
aluminate has higher surface area. In addition, alumina is hydrophilic catalyst. It was not
appropriate for this reaction because the water was easily absorbed to the surface, blocking the
access of the triglycerides. Therefore, zinc aluminate was more suitable than alumina as catalyst
for hydrolysis reaction of refined palm oil with water. Furthermore, the used zinc aluminate was
reused, and it was found that it exhibited slightly change in percent conversion and yield after the

fifth use compared to the fresh catalyst.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Hydrolysis reactions are important in the processing of fats and oils by the chemical
industry. Fatty acids which are produced from these reactions are major components used in the
preparation of a wide variety of products, such as soaps, cosmetics, pharmaceuticals, surfactants,
lubricants, plasticizers, paints, foods and agriculture. These industries can now be considered
environmental friendly due to the development of green processes driven by the need to prevent
pollution, to be publicly acceptable and to eliminate hazardous by-products. Processes that utilize
biomass (such as vegetable oils, animal fats and spent yeast) for energy resources are also
considered to be green and have associated economic and social advantages. [1-3].

Triglycerides (main component of vegetable oils and fats) can be hydrolyzed with
water/steam to produce 3 mol of free fatty acids and 1 mol of glycerol by the following

consecutive reactions:

Triglyceride + HHO < Diglyceride + Fatty acid @O
Triglyceride + HHO <——= Diglyceride + Fatty acid an
Triglyceride + HHO ——= Diglyceride + Fatty acid (1)

The Colgate-Emery method has been used for the industrial hydrolysis of triglyceride.
This method requires high temperature (250-330 °C) and high pressure (50-60 bar), and has the
disadvantages of high energy consumption as well as thermally damaging the products [15].

A conventional method for oil hydrolysis usually uses an enzyme catalyzed process. The
advantages of the enzyme hydrolysis technique are that the reaction can be performed under a
mild temperature and a simple operational process. Lipases have been successfully employed as
biocatalysts in solvent media [16]. But the drawbacks are that the using solvents are expensive,
flammable, toxic and involves higher investment costs to meet safety requirements and this

process is of doubtful importance because of its high cost and long reaction time. There are still



major problems to be solved in the further development of this process before it becomes
commercially viable.

Heterogeneous catalysts are more beneficial than homogenous catalysts because
of chemical reaction advantages and easy catalyst separation from the product. Solid catalysts
are the important classes of catalysts widely investigated in different fields of application and need
to be very stable as well as active in order to compete with the homogeneous processes. Standards
are very strict on fuels quality and particularly the amount of impurities (especially metal
impurities) has to be very low. A literature survey shows that it is hard to obtain fuels totally free
of impurities coming from both homogeneous and heterogeneous catalysts. Studies of
heterogeneous catalyst stability, when performed, generally shows that leaching of active species
occurs in the effluent which is not acceptable for an industrial process [46-48].

However, Veronique Pugnet developed a novel process for the production of biodiesel
from vegetable oil using zinc aluminate catalyst. The experimental conditions of the reaction have
been extensively studied. The leaching of active species has been thoroughly studied with zinc
oxides and zinc aluminatesat 200°C in a stainless steel (SS) reactor. Zinc aluminate
has been proven to be stable and active in the transesterification reaction of oil by methanol in a
batch process [5].

Zinc aluminate can be used for the acetylation reaction that occur at lewis acid sites on
the surface of the catalyst [30] and it has a hydrophobic behavior in this important organic
reactions such as transesterification, esterification. Hydrophobic surfaces are preferable for
conducting organic reactions in water, because water covers the surface of solid acids and
prevents the adsorption of organic material [45].

There are not many reports in the journal or patent literature where solid catalyst has
been used successfully for the hydrolysis of oils and fats to fatty acids. Kanokwan Ngaosuwan
reported the mechanistic pathways in hydrolysis and transesterification at a relatively high
temperature (100-130 °C) and moderate pressures (120180 psi) with tricaprylin and water for
hydrolysis or methanol for transesterification using a tungstated zirconia catalyst in a batch
reactor. It was found that upon increasing the concentration of TCp, the reaction rates for both
hydrolysis and transesterification increased at all conditions [38].

In this research, the hydrolysis of palm oil with water using solid oxide catalysts, namely

alpha alumina and zinc aluminate, was carried out. As the fact that Thailand is an agricultural



country, palm oil can be found in high quantity, therefore, it will be used as a starting material for
hydrolysis into fatty acids in this work. Another starting material for hydrolysis is water. The
effect type of catalysts, amount of catalyst, reaction time, reaction temperature, molar of water to

oil ratio and reuse of catalyst on hydrolysis reaction were also investigated.

1.2 Objectives

The specific objectives of the study are as follows:

1.2.1  To investigate the preparation of fatty acids from refined palm oil and water by
hydrolysis reaction using solid oxides, namely alpha alumina and zinc aluminate as catalysts.

1.2.2  To study the effect of reaction parameters; namely the type of catalysts, calcinations
temperature, amount of catalyst, the water to oil ratio, reaction temperature, reaction time, and

reuse of catalyst on hydrolysis reaction.

1.3 Scope of study
1.3.1  Literature survey, the design and preparation of the experimental procedure.
1.3.2  Preparation of fatty acids from palm oil by hydrolysis reaction with water, both
with and without the use of solid oxides as catalysts. The appropriate conditions are determined
by varying the following parameters.
1.3.2.1) Effect of the calcination temperature; 400, 500, 600, 700 °C
1.3.2.2) Effect of the amount of catalysts; 0, 1, 2, 3, 4, 5 wt.%
1.3.2.3) Effect of the water to oil ratio; 13:1, 48:1, 54:1, 81:1 and 108:1
1.3.2.4) Effect of the type of catalyst; alpha alumina (a-ALO,) and zinc aluminate
(ZnALO)
1.3.2.5) Effect of the reaction temperature; 220, 230, 240 °C
1.3.2.6) Effect of the reaction time; 30, 60, 90, 120 and 150 minutes. (The reaction
time will be started to count after the temperature of the reaction mixture is raised to the set-point)
1.3.2.7) Effect of reuse of catalyst
1.3.3  Characterization of catalyst using X-ray diffractometer, Gas Adsorption Analyzer,

Atomic Absorption Spectrophotometer, Scanning Electron Microscopy.



1.3.4 Comparison of the percent yield obtained between the reaction using fresh
catalysts and used catalysts.
1.3.5 Characterization of fatty acid product using Nuclear Magnetic Resonance

spectroscopy and High Performance Liquid Chromatography.

1.4 Expected result

This research would provide a process for high yield fatty acids production from the

hydrolysis of palm oil which could be developed into an industrial scale process.



CHAPTER 2

THEORY AND LITERATURE REVIEWS

2.1 Palm oil

2.1.1 Introduction

The sources of oils and fats are various vegetable and animal raw materials (e.g., tallow,
lard) with the vegetable raw materials soybean, palm, rapeseed and sunflower oil being the most
important ones regarding the amounts involved. Triglycerides are the main constituents of

vegetable oils and animal fats. The chemical formula is

9
Ri-C-O-CH, ©
GH-0-C-R,
Rg-C-O-CH,
0

Hydrolysis vegetable oil is an important industrial operation. The products, fatty acids
and glycerol are basic raw materials for a wide range of applications. The fatty acids are used as a
feed stock for the production of oleochemicals such as fatty alcohols, fatty amines and fatty
esters. These oleochemicals are used as lubricant grease, anti-block agent, plastisizers, and
emulsifiers. Depending upon climate and soil conditions, different nations are looking into
different vegetable oils, for example, soybean oil in the United States, rapeseed and sunflower

oils in Europe, palm oil in Thailand, Indonesia and Malaysia [1-3].

2.1.2 Composition and physical properties

The oil palm (Elaies gunenesis) produces two distinct oils-palm oil from the fleshy
endosperm and palm kemel oil from the kernels. Palm oil is orange-red color contributed by a
high carotene content; 0.03 to 0.15 %, of which 90 % consists of alpha- and betacarotene. Palm

oil has saturated and unsaturated fatty acids which palmitic and oleic acids are the main



components. The fatty acids distribution of the oil is given in Table 2.1 the oil melts over a range of

temperatures from 25 ‘Co 50 ‘C. The physical properties of palm oil are shown in Tables 2.2,

respectively.

Table 2.1 Fatty acids distribution of palm oil

Name Structure % wiw Formula Molecular weight
Lauric C12:0 0.2 CH,(CH,),,COOH 200.31
Myristic | C14:0 1.1 CH,(CH,),,COOH 228.36
Plamitic Cl16:0 44.0 CH,(CH,),,COOH 256.42
Stearic C18:0 45 CH,(CH,),,COOH 284.47
Oleic C18:1 39.2 C,;H,;,COOH 282.44
Linoleic C18:2 10.1 C,;H,,COOH 280.43
Others 0.9
Table 2.2 Physical properties of palm oil
Characteristic Palm oil for food | Palm oil for industry
Relative density @ 40/25 °C 0.900 - 0.907 0.900 - 0.907
Refractive index @ nj, 40 °C 1.45 - 1.46 1.45 - 1.46
Iodine value, Wijs 45-60 45 - 60
Saponification value (mg KOH/g oil) 190 - 209 190 - 209
Acid value (max mg KOH/g oil) 0.6 10
Water and volatile matter @ 105 °C (max %wt) | 0.2 0.5

2.1.3 The reaction of fats and oils [17-19]
2.1.3.1 Oxidation
In this process, the unsaturated fatty acids are subjected to oxidation. The more double

bonds there are, the greater the opportunity for addition of oxygen to double bonds, increasing the



risk that the fat or oil will become rancid. Oxidation is complex and is promoted by heat, light,
certain metals (iron and copper), and enzymes known as lipoxygenases. The reaction can be
separated into three stages: initiation, propagation, and termination.

The initiation stage of the reaction involves formation of a free radical. The hydrogen on

a carbon atom adjacent to one carrying a double bond is displaced to give a free radical, as shown

in Figure 2.1
LI LT
]
—‘(II C——C T + Energy ----- - 9 C=—=C C|3 + H
H H H
Unsaturated fatty acid Free radical Labile hydrogen

Figure 2.1 The initiation stage of autoxidation.

There is chemical activity around and in the double bonds. (The bold type indicates the
atoms or groups of atoms involved in the reactions.) As previously mentioned, this reaction is
catalyzed by heat, light, certain metals such as copper and iron, and lipoxygenases. The free
radicals that form are unstable and very reactive.

The propagation stage follows the initiation stage and involves oxidation of the free
radical to yield activated peroxide. This in turn displaces hydrogen from another unsaturated fatty
acid, forming another free radical. The liberated hydrogen unites with the peroxide to form a
hydroperoxide and the free radical can be oxidized as just described. Thus, the reaction repeats, or
propagates, itself. Formation of one free radical, therefore, leads to the oxidation of many
unsaturated fatty acids.

Hydroperoxides are very unstable and decompose into compounds with shorter carbon
chains, such as volatile fatty acids, aldehydes, and ketones. These are responsible for the
characteristic odor of rancid fats and oils. The two reactions of the propagation stage of

autoxidation are shown in Figure 2.2
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Figure 2.2 The two reactions of the propagation stage of autoxidation.

The termination stage of the reaction involves the reaction of free radicals to form

nonradical products. Elimination of all free radicals is the only way to halt the oxidation reaction

[18, 19].

2.1.3.2 Hydrogenation

Hydrogenation of unsaturated fatty acid occurs when hydrogen gas is reacted with oil
under controlled conditions of temperature and pressure, and in the presence of a nickel, copper,
or other catalyst. The reaction is carefully controlled and stopped when the desired extent of
hydrogenation has been reached. As the reaction progresses, there is a gradual production of trans
fatty acids that increases the melting point of the fat or oil and creates a more solid product.
Shortening is hydrogenated oil.

The extent of the hydrogenation process is controlled to achieve stability and the physical
properties required in the finished food. If the reaction is taken to completion, a saturated fat is
obtained and the product is hard and brittle at room temperature. However, this is not usually the
aim of hydrogenation, as partial hydrogenation normally is desired, providing an intermediate
degree of solidification, reducing the number but not eliminating all double bonds. In fact,
approximately 50 % of the total fatty acids present in partially hydrogenated vegetable shortening

products are monounsaturated and about 25 % are polyunsaturated [18].



2.1.3.3 Halogen addition
The reaction which is used to measure the proportion of unsaturated constituents present

in a fat, is addition of halogen such as chlorine, bromine and iodine to the double bonds of the

unsaturated fatty acids. Reaction of bromine with a triglyceride is shown in Figure 2.3

0
CnH;s—g-O-QHZ 0 Coty-&-0-cH, 0
CH-0-C-C Hy, + Br, —»> CH-0-C~C H,,
C”:(CH);CH=°H‘(°”)7‘3'°"3“2 CH,(CH)ng‘gH-(CH)rg*O-CHz
r r

Figure 2.3 Reaction of bromine with a triglyceride.

The quantity of halogen taken up is expressed in terms of iodine so called the “iodine

value”, which is the number of grams of iodine absorbed per 100 g. fat [20].

2.1.3.4 Hydrolysis

Under the proper condition of fat/water miscibility, the triglyrides of fats and oils are
hydrolyzed to free fatty acids and glycerol. The reaction is not a simple one; it proceeds in stages,
and it is reversible. If reactants and product are not removed from the sphere of the reaction, an
equilibrium depending on the concentration of the former eventually is reached. In several
methods of industrial fat splitting, a high degree of hydrolysis is ensured by using a large excess
of water, repeatedly withdrawing the aqueous glycerol rich phase and replacing it with water.
High temperature and high pressure accelerate aqueous hydrolysis. The temperature selected is
determined by the content of polyunsaturated and particularly, conjugated polyunsaturated fatty
acids in the fat because if polymerization is permitted to interfere with the hydrolysis as a
competing reaction, splitting is troublesome. Hydrolysis can be either autocatalysis in the
presence of water by metals, or be brought about by the action of the enzyme lipase. The latter is,
of course, the fat splitting enzyme of animal digestion, but it is also found in palm fruit, fungi and
other organisms which gain access to fats. One of the most important tasks of the palm oil
producer is to prevent hydrolysis by reducing to a minimum the amount of water and impurities
present in the oil, and by the destruction of the enzyme. Hydrolysis in alkali is distinguished as

“saponification” and gives rise to soaps and glycerol [18].
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2.2 Fatty acids

Fatty acids are almost entire straight chain aliphatic carboxylic acids. Most natural fatty
acids contain from 4 to 22 carbon atoms and most contain an even number of carbon atoms in the
chain. For example, butyric acid is the smallest fatty acid, having four carbon atoms, and it is
found in butter; lard and tallow contain longer fatty acids. Fatty acids may be saturated or
unsaturated.

Saturated fatty acids contain only single carbon-to-carbon bonds and have the general

formula CH,(CH,), COOH. They have a linear shape, as shown in Figure 2.4

Figure 2.4 “‘Ball and stick’’ models of stearic acid.

Unsaturated Fatty acids, containing one or more carbon-to-carbon double bonds.
Monounsaturated fatty acids such as oleic acid contain only one double bond; polyunsaturated

fatty acids, such as linoleic acid, contain two or more double bonds, as shown in Figure 2.5

(b

Figure 2.5 ‘‘Ball and stick’> models of (a) oleic acid; (b) linoleic acid.
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The melting point increases with chain length and decreases with increased unsaturation
(Table 2.3). Among saturated acids, odd chain acids are lower melting than adjacent even chain
acids. The presence of cis-double bonds markedly lowers the melting point, the bent chains
packing less well. Trans-acids have melting points much closer to those of the corresponding
saturates. Polymorphism results in two or more solid phases with different melting points. Methyl
esters are lower melting than fatty acids but follow similar trends.

Fatty acid salts and many polar derivatives of fatty acids are amphiphilic, possessing both
hydrophobic and hydrophilic areas within the one molecule. These are surface-active compounds
that form monolayers at water/air and water/surface interfaces and micelles in solution. Their
surface-active properties are highly dependent on the nature of the polar head group and, to a
lesser extent, on the length of the alkyl chain. Most oleochemical processes are modifications of

the carboxyl group to produce specific surfactants [19, 20].

Table 2.3 Melting points of some fatty acids and methyl esters illustrating the effect of chain

length and unsaturation.

Fatty acid Melting point (’C) Fatty acid Melting point (C)
16:0 62.9 (30.7)

17:0 61.3 (29.7)

18:0 70.1 (37.8)

18:1 9¢ 16.3,13.4 18:1 9¢ 45

18:29¢12¢ | -5 18:29112¢ | 29

19:0 69.4 (38.5)

20:0 76.1 (46.4)
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2.3 Hydrolysis reaction

The world production of fatty acids is from the hydrolysis of triglycerides in fats or

biological oils with the removal of glycerol.

@)
g Ry~&-OH
Ri-&-0-CH, ¢ o HO-CH,
Q~C-Ry + 3H,;0 Rz—é"OH + QH-OH
R3“‘g“0"CHz g HO-CH,
Rg—C-OH
TRIGLYCERIDE FATTY ACID GLYCEROL

This reaction occurs as three stepwise reactions: one molecule of triglycerides is
hydrolyzed to one molecule of diglycerides to produce one molecule of fatty acids, and is
repeatedly hydrolyzed to which is further hydrolyzed to glycerol, producing three molecule of
fatty acids in total. In general, there are two methods of hydrolysis reaction. One method simply

uses a catalyst and the other is without a catalyst [18].

2.3.1 Catalyst for hydrolysis reaction [21-25]

2.3.1.1 Homogeneous catalysts

Alkaline catalyzed hydrolysis

Historically, soaps were produced by alkaline hydrolysis of oils and fats, and this process
is still referred to as saponification. Soaps are now produced by neutralization of fatty acids
produced by fat splitting, but alkaline hydrolysis may still be preferred for heat-sensitive fatty
acids.

On a laboratory scale, alkaline hydrolysis is carried out with only a slight excess of
alkali, typically 1M potassium hydroxide in 95% ethanol, refluxing for one hour, and the fatty
acids recovered after acidification of the reaction mixture. This is a sufficiently mild procedure
that most fatty acids, including polyunsaturates, epoxides, and cyclopropenes, are unaltered.

The mechanism of base catalyzed hydrolysis is described in Figure 2.6. The first step
involves the attack of the hydroxide ion to the carbonyl carbon of the triglyceride molecule,

breaking the 7t-bond and creating the tetrahedral intermediate. The reaction of this intermediate
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with a water produces the alkoxide ion in the second step. In the last step, the rearrangement of

the tetrahedral intermediate gives rise to an ester and a diglyceride [21, 22].

- +
HOH + B —_ HO + BH
R'COO—CH, R'COO—CH,
- ———..
RICOO— M b R'COO—CH
HzC"“"O?R"' H,C—O —Cl.‘.—R"'
| ]
0 0
R'COO—CH
2 R'COO—CH,
", CH —_— + HCOOR™
R"COO— ’l?H R"COO—CH .
H,C—O ~~C—R" -
| H,C—~0
Q
R'COO—CH;, + R'COO—CH,
+ BH —~—— + B
R"COO"?“ R"COO—CH
H,C—0 H,C—OH

R’, R” = Carbon chain of fatty acid.

Figure 2.6 Mechanism of the base-catalyzed hydrolysis of triglycerides.

Acid catalyzed hydrolysis

Hydrolysis reaction can be catalyzed by liquid acid catalysts such as sulfuric acids and
hydrofluoric acids. These catalysts give very high yields in fatty acids but these liquid acids are
corrosive and produce a large amount of waste. The mechanism of acid-catalyzed hydrolysis of
vegetable oil for a monoglyceride is shown in Figure 2.7. However, it can be extended to di- and

triglycerides. The protonation of carbonyl group of the ester leads to the carbocation, which after
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a nucleophilic attack of the alcohol produces a tetrahedral intermediate. This intermediate

eliminates glycerol to form a new ester and to regenerate the catalyst [21].

0 "oH
" OH
. « — .. @
R OR - R oR” R ® OR"
H . +
OH ® H -H/R"OH (e}

OR
/ | ®
+ O —— OH——O ——
R H R

CHy-
GH -OH

R" = CH,~OH ; glyceride

R’

carbon chain of the fatty acid

Figure 2.7 Mechanism of the acid-catalyzed hydrolysis of triglycerides.

2.3.1.2 Heterogeneous catalysis

Whereas traditional homogeneous catalysis offers a series of advantages, its major
disadvantage is the fact that homogenous catalysts cannot be reused. Moreover, catalyst residues
have to be removed from the fatty acids product, usually necessitating several washing steps, which
increases production costs. Thus there have been various attempts at simplifying product
purification by applying heterogeneous catalysts, which can be recovered by decantation or
filtration or are alternatively used in a fixed-bed catalyst arrangement.

Heterogeneous acid and basic catalysts could be classified as Bronsted or Lewis
catalysts, though in many cases both types of sites could be present and it is not easy to evaluate
the relative importance of the two types of sites in the reaction.

The mechanism of transesterification of glyceride to biodiesel with heterogeneous Lewis
acid catalysts in the presence of the formation of a more electrophilic species also occurs with

heterogeneous Lewis acid catalysts as the first step is as follows:
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minute). The on and off times as well as the duration of inlet of the carrier gas could greatly affect
the growth kinetics [36].

The as-deposited products were characterized and analysed by means of X-Ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission Electron Microscopy

(TEM) and Energy Dispersive X-ray Spectroscopy (EDS).

2.6 Literature Reviews

In 2009, Kanokwan Ngaosuwan et. al. reported the hydrolysis of tricaprylin (TPC) using
tungstated zirconia (WZ) and the solid acid composite SAC-13 (Nafion resin nanoparticles
supported on mesoporous silica) as catalysts. The hydrolysis of TCp was carried out at 110-150 °C
in a semibatch reactor with continuous addition of water at low flow rates capable of achieving
100% selectivity of the carboxylic acid side chains on the triglyceride to HCp [17].

In 2010, Kanokwan Ngaosuwan et. al. reported solvent effects on the nature of the
catalytic activity of the solid acid tungstated zirconia (WZ) for hydrolysis and transesterification
of tricaprylin (TCp), two reactions that can occur during biodiesel synthesis, at 130 °C and 12.2 atm
in a batch reactor using different solvents. It was found that hexane and a mixture of lauric acid
(HLa) and hexane resulted in the highest catalytic activities for transesterification and hydrolysis
reaction [37].

In 2010, Kanokwan Ngaosuwan et. al. reported the mechanistic pathways in hydrolysis
and transesterification at a relatively high temperature (100-130 °C) and moderate pressures
(120-180 psi) with tricaprylin and water for hydrolysis or methanol for transesterification using a
tungstated zirconia catalyst in a batch reactor. It was found that upon increasing the concentration
of TCp, the reaction rates for both hydrolysis and transesterification increased at all conditions [38].

In 2006, P.S. Sreeprasanth, R. Srivastava, D. Srinivas and P. Ratnasamy developed a
novel application of Fe-Zn double-metal cyanide (DMC) complexes as solid catalysts in the
preparation of fatty acid alkyl esters (biodiesel/biolubricants) from vegetable oils. The catalysts
are hydrophobic (no H,0 adsorption at reaction temperatures) and contain only Lewis acidic sites
(NH, and pyridine adsorption). Bronsted acid sites are absent (absence of 1546 and 1639 cm”
bands on adsorption of pyridine). Basic sites are also absent (no CO, adsorption). Unlike the
homogeneous or other solid catalysts (like Zn0-Al0,, for example), the Fe~Zn, DMC catalysts

are highly active even for the simultaneous transesterification of triglycerides and esterification of
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the free fatty acids (FFA) present in unrefined and waste cooking oils as well as non-edible oils.
They are also tolerant of water, probably, due to their surface hydrophobicity [39].

In 2010, J.K. Satyarthi, D. Srinivas and P. Ratnasamy reported that solid Fe-Zn double-
metal cyanide (DMC) complexes exhibit high catalytic activity for hydrolysis of edible and
non-edible vegetable oils and animal fat. In a batch reaction, complete conversion of vegetable oil
triglycerides to fatty acids with selectivity greater than 73 wt.% was obtained at temperatures as
low as 463 K, autogenous pressure and with 5 wt.% of catalyst. Catalytic activity of DMC was
superior to Amberlystm70, SAPO-11, H-B, HY, MoOx/ALO, and sulfated zirconia. Rates of
hydrolysis were greatly enhanced when solvents (tetrahydrofuran or N, N-dimethylformamide),
phase transfer agents (tetrapropyl ammonium bromide) and products (a mixture of mono,
diglycerides and fatty acids) or fatty acid was added to the feed. Surface hydrophobicity which
enables high wettability and activation of glycerides on active, acidic sites of reusable DMC is
attributed to be the major cause for its superior catalytic activity [40].

In 2010, S. Yan, S.0. Salley and K.Y. Simom Ng investigated a series of zinc and
lanthanum mixed oxides catalysts for synthesis of FAME from unrefined and waste oils. A strong
interaction between Zn and La species was observed with enhanced catalyst activities. Lanthanum
promoted zinc oxide distribution, and increased the surface acid and base sites. The catalyst with
3:1 ratio of zinc to lanthanum was found to simultaneously catalyze the oil transesterification and
fatty acid esterification reactions, while minimizing oil and biodiesel hydrolysis. A reaction
temperature window of 170~220 °C was found for the biodiesel formation. A high yield (96 %) of
fatty acid methyl esters (FAME) was obtained within 3 hours even using unrefined or waste oils [41].

In 2010, V. Pugnet et. al. developed a novel process for the production of biodiesel from
rapeseed oil using zinc aluminate catalyst. It was found to be particularly stable as compared to
ZnO catalyst. Optimization of the reaction parameters for achieving high yields and obtaining
high quality products was performed [42].

In 1997, R.L. Holliday, J.W. King, and G.R. List reported that water, in its subcritical
state, can be used as both a solvent and reactant for the hydrolysis of triglycerides. In this study,
soybean, linseed, and coconut oils were successfully and reproducibly hydrolyzed to free fatty
acids with water at a density of 0.7 g/ml and temperatures of 260-280 °C. Under these conditions
the reaction proceeds quickly, with conversion of greater than 97 % after 15-20 minutes. Some

geometric isomerization of the linolenic acids was observed at reaction temperatures as low as
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250 °C. Reactions carried out at higher temperatures and pressures, up to the critical point of
water, produced either degradation, pyrolysis, and polymerization, of the oils and resultant fatty
acids [43].

In 2009, R. Alenezi, G.A. Leekea, R.C.D. Santos and A.R. Khan studied the thermal
non-catalytic hydrolysis of sunflower oil with subcritical water. A number of experimental runs
were conducted in a tubular reactor over a range of temperatures from 270 °C to 350 °C and
reaction times (up to 30 minutes) at 20 MPa and was found to be an effective method for
producing a fatty acid yield of greater than 90 % without any catalyst [44].

In 2004, D. Kusdiana and S. saka, studied a two-step reaction hydrolysis and methyl
esterification for preparation of biodiesel fuel. Hydrolysis was carried out at a subcritical state of
water to obtain fatty acids from triglycerides of rapeseed oil, while the methyl esterification of the
hydrolyzed products of triglycerides was treated near the supercritical methanol condition to
achieve fatty acid methyl esters. Consequently, the two-step preparation was found to convert
rapessed oil to fatty acid methyl esters in considerably shorter reaction time and milder reaction
condition than the direct supercritical methanol treatment. The optimum reaction condition in this

two-step preparation was 270 °C and 20 minutes for hydrolysis and methy! esterification [14].
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CHAPTER 3

EXPERIMENTAL DETAILS

3.1 Chemicals
1. Refined palm oil from Lumsung (Thailand) Co, Ltd.
Deionized water

Alpha aluminum oxide powder from J.T.Baker

Eal S

Aluminium nitrate from Ajax

Zinc nitrate from Ajax

Sodium sulfate anhydrous from Fisher Scientific
Sodium hydroxide from Fisher Scientific

Hydrochloric acid 37% (analytical grade) from Lab Scan

© 0 N o @

Deuterochloroform from Sigma Aldrich

10. Methanol (HPLC grade) from Fisher

11. Dichloromethane (HPLC grade) from Fisher
12. Acetonitrile (HPLC grade) from Fisher

13. Acetone (analytical grade) from Lab Scan
14. Hexane (analytical grade) from Lab Scan
15. Benzene (analytical grade) from J.T. Baker
16. Air Zero gas from TIG

17. Nitrogen gas from TIG

3.2 Apparatus and instruments

1. Nuclear Magnetic Resonance Spectrometer: Avance DPX300, Bruker

2. Thermogravimetric Analyzer: Model Pyris 1 TGA, Perkin Elmer

w

High Performance Liquid Chromatography: HP Altima, equipped with Altima HP
C-18 column, Spm, 150 mm x 4.6 mm i.d., from Alltech and Evaporative Light
Scattering Detector (ELSD) from Alltech

>

Pump for High Performance Liquid Chromatography: LDC 4100
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Filter paper 0.45 pm
Atomic Absorption Spectrophotometer: 280FS AA, Varian

Furnace: Thermolyne 6000

® = @

Gas Adsorption Analyzer: Autosorb-1, Quantachrome

9. X-ray Powder Diffractometer: D8 Avance, Bruker AG

10. Stainless steel reactor with cylindrical autoclave and PID temperature controller: Parr
series 4561

11. Hot plate

12. Supporting stand

13. Laboratory glassware

3.3 Experimental steps

3.3.1 Preparation of catalyst.
3.3.1.1 Co-precipitation of zinc nitrate and aluminum nitrate using ammonia as precipitating

agent.

3.3.2 Characterization of catalyst.

3.3.2.1 Determination of the structure of catalyst using X-ray Powder Diffractometer
(XRD).

3.3.2.2 Determination of the surface area of catalyst using Gas Adsorption Analyzer
(Autosorb-1b).

3.3.2.3 Determination of the Zn/Al ratio of catalyst using Atomic Absorption
Spectrophotometer (AAS).

3.3.2.4 Determination of the morphology of catalyst using Scanning Electron
Microscopy (SEM).

3.4.2.5 Determination of Acid/Base Strength using Hammett indicators followed by the
titration [49, 50].

3.4.2.6 Determination of Acidity/Basicity by the titration method [57].
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3.3.3 Catalyst testing in hydrolysis of palm oil.
3.3.3.1 Preparation of fatty acids from refined palm oil by hydrolysis reaction with
water, both with and without the use of solid oxides, namely alumina and zinc

aluminate as catalysts.

3.3.4 Characterization of fatty acid product.
3.3.4.1 Nuclear Magnetic Resonance Spectrometer (NMR) to determine the yield.

3.3.4.2 High Performance Liquid Chromatography (HPLC) to determine the conversion.

3.4 Experimental procedures

3.4.1 Catalyst preparation

Zinc aluminate catalysts were prepared in aqueous solution from metal nitrates by
coprecipitation method using ammonia as a precipitating agent. Zinc nitrate and aluminum nitrate
were dissolved in distilled water, mixed well with each other, and then the appropriate amount of
aqueous ammonia solution was added to the above solution, and the mixture was stirred until
complete precipitation occurred at a pH between 8 and 9, wherein the molar ratio of Al/Zn was
2:1. The precipitate was filtered, washed with distilled water, and dried. The dry precipitate was
calcined at 400, 500, 600 and 700 °C for 5 hours, respectively.

3.4.2 Characterization

3.4.2.1 Determination of the structure of catalyst using X-ray Powder Diffractometer
(XRD).

The structure of catalyst was determined by X-ray powder Diffractometer (D8 Avance,
Bruker, Scientific Instruments Service Centre; KMITL). The sample was prepared by packing
catalyst in the sample holder. CuKx X-ray beam was used for analysis at 40 kV, 40 mA. The
sample was scanned from 20 angle 20° to 80° with 1 second/step time and 0.05 20/step
increment. X-ray diffraction pattern of the sample was compared with the pattern of standard

metal oxides for structure determination.
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3.4.2.2 Determination of the Zn/Al ratio of catalyst using Atomic Absorption
Spectrophotometer (AAS).

After chemical attack with microwave digestion in 4 ml of 65 % HNO,, 3 ml of 37 % HCIl
and 1 ml of HF 40 % acids at 220 °C, the solution was cooled to room temperature and then 7 ml of
4 % H,BO, was added for the complete removal of HF and fluorides before injecting solution to
the flame of a Varian 280FS AA flame spectrometer. For some refractory elements (Zn and Al), a

hotter N,O+C,H, flame was necessary.

3.4.2.3 Determination of the surface area of catalyst using Gas Adsorption Analyzer
(Autosorb-1b)

The surface area of catalyst was determined by Gas Adsorption Analyzer (Autosorb-1C,
Quantachrome). The sample was prepared by weighing approximately 20 mg of sample into the
cleaned and dried sample cell. The sample cell was attached to the out gassing station. Heating
mantle was installed and the temperature was raised to 350 °C under vacuum. The sample was
out-gassed for 24 hours. The sample cell was then removed from the out gassing station after the
nitrogen was filled and was attached to the analysis station. The equilibration time was set to
3 minutes and the nitrogen adsorption was measured at the partial pressure (P/P0) ranged from 10°

to 1.0 at 77.4 K.

3.4.2.4 Determination of the morphology and the surface composition of catalyst using
Scanning Electron Microscopy (SEM).

The morphology of catalyst was determined using Scanning Electron Microscopy (SEM)
with a Hitachi S-4800 electron microscope operating at 5.0 kV. The sample was prepared by

dispersing the catalyst sample on carbon tape of an SEM stup.

3.4.2.5 Determination of Acid/Base Strength [49, 50].

Site strength refers to the relative tendency of an acid or base to donate or accept a
proton. The strength of an acid and base can be compared by their reaction with water. Acidic
and basic site strengths of each of the metal oxides were determined by basic and acidic
Hammett indicators, respectively. Approximately 0.05 g of catalyst sample was shaken with 1 ml of
a solution of Hammett indicator diluted in benzene and methanol for basic and acidic tests,

respectively, and left to equilibrate for 2 hours. The color of the catalyst was then noted. The
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basic Hammett indicator (for acid site strength) used were Neutral red (pX, = 6.8), Methyl red
(pK, = 4.8), P-dimethylaminoazobenzene (pK, = 3.3), and Crystal violet (pK, = 0.8). The acidic
Hammett indicator (for base site strength) used were Phenolphthalein (pKj,,, = 8.2), Nile blue
(pPKgy, = 10.1), Tropaeolin (pKy,,, = 11), 2,4-dinitroaniline (pKy,, = 15), 4-chloro-2-nitroaniline
(pKyy. = 18.2), and 4-chloroaniline (pKj,,, = 26.5). The H, value of a sample at acid site was
determined by the smallest A, value among the Hammett indicators, which has been subjected to
a color change and has a H, value less than 7.0. In addition, the H value of a sample at the base
site was determined by the greatest A, value among the Hammett indicators, which had been

subjected to a color change and having a H, value more than 7.0.

3.4.2.6 Determination of Acidity/Basicity [57].

A common method for evaluating the basicity of a base is to report the acidity of the
conjugate acid and vice versa for the acidity. In this work, the method of titration was used to
determine the acidity/basicity of the catalysts. For basicity, the basic catalyst (0.1 g) was
suspended in 20 cm’ of 0.01M HCI solution for 48 hours. The basic catalyst will neutralize HCI
by an equivalent amount to its basicity. As a result, the original concentration of HCI will be
reduced. The resultant concentration of HC] was determined by titration with NaOH, and finally,
the adsorbed amount of HCl on the catalyst was determined. In retrospect, for acidity
determination, an acidic catalyst (0.1 g) was suspended in 20 cm’ of 0.01M NaOH solution for
48 hours and the amount of NaOH adsorbed to the catalysts was determined via titration with

HCI. For amphoteric catalysts, both acidity as well as basicity were determined.

3.4.3 Catalyst testing on hydrolysis of palm oil.

The reactor used to produce fatty acids was a 300 ml Parr series reactor equipped with
programmable PID temperature controller and a 300 ml cylindrical autoclave made of stainless
steel with internal cooling and a mechanical stirrer. The temperature of the reaction vessel was

measured with an iron-constant thermocouple and controlled at + 2 °C for a set time.
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Figure 3.1 Schematic diagram of experimental apparatus. 1) autoclave; 2) oven; 3) temperature

control monitor; 4) mechanical stirrer; 5) pressure control monitor; 6) nitrogen gas tank

3.4.3.1 Synthesis of fatty acids without catalyst

1) Refined palm oil (70 g, 0.082 mole) and distillation water (79.75 g, 4.43 mole,
water to oil ratio = 54:1) were poured into the autoclave.

2) The autoclave was then placed on the electric furnace. The mixture was stirred with
equipped mechanical stirrer to sufficiently keep the system in homogeneity.

3) The mixture was stirred and heated to 230 °C by oven for 60 minutes at a 5 °C/min
heating rate. The system pressure was raised to 25 +1bar.

4) After the pre-set time, the reaction was cooled down to room temperature.

5) The product mixture was then poured into a separatory funnel. The autoclave was
rinsed with hexane. The mixture was allowed to stand in separatory funnel for 1 hour
to ensure the phase separation between fatty acids and glycerol. The glycerol phase
(bottom layer) was removed and stored in a separated container.

6) Afterwards, the water and hexane in the product (upper layer) were removed at 60-80 °C
for half an hour.

7) The product was then dried using anhydrous sodium sulfate and was filtered through a
Bruchner funnel.

8) Step 1) to 7) were repeated by changing the molar ratio of water to oil from 54:1 to
13:1, 26:1, 84:1 and 108:1.

9) Next, step 1) to 7) were repeated by changing the reaction temperature in step 3) from

230°C to 220 °C and 240 °C using the optimum water to oil ratio from 8).
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10) Finally, step 1) to 7) were repeated by changing the time in step 3) from 60 minutes to
30, 90, 120 and 150 minutes using the optimum water to oil ratio from 8) and the

reaction temperature from 9).

3.4.3.2 Synthesis of fatty acids using alumina as catalyst

1) Alumina was first calcined in air at 500 °C for 5 hours and was then kept in a dessicator
until used.

2) Refined palm oil (70 g, 0.082 mole) was poured into the autoclave.

3) Alumina (2.10 g, 3.0 % by weight of refined palm oil) and distillation water (79.75 g,
4.43 mole, water to oil ratio = 54:1) were added into the autoclave from step 2).

4) The autoclave was then placed on the electric furnace. The mixture was stirred with
equipped mechanical stirrer to sufficiently keep the system in homogeneity.

5) The mixture was stirred and heated to 230 °C by oven for 60 minutes at a 5 °C/min
heating rate. The system pressure was raised to 25 +1bar.

6) After the pre-set time, the reaction was cooled down to room temperature.

7) The product mixture was then poured into a separatory funnel. The autoclave was
rinsed with hexane. The mixture was allowed to stand in separatory funnel for 1 hour to
ensure the phase separation between fatty acids and glycerol. The glycerol phase
(bottom layer) was removed and stored in a separated container.

8) Afterwards, the water and hexane in the product (upper layer) were removed at 60-80 °Cc
for half an hour.

9) The catalyst was separated from the product mixture by vacuum filtration, and was
washed several times with acetone, dried and then weighed.

10) The product was dried using anhydrous sodium sulfate and was filtered through a
Bruchner funnel.
11) The following experimental steps were then carried out using the same procedure as

described earlier in section 3.4.3.1.

3.4.3.3 Synthesis of fatty acids using zinc aluminate as catalyst
The synthesis of fatty acids using zinc aluminate was carried out by following the
procedure explained in section 3.4.3.2 except alumina was replaced by zinc aluminate calcined

in air at 600 °C for 5 hours.
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3.4.3.4 Effect of the calcining temperature on the synthesis of fatty acids using alumina
and zinc aluminate
1) alumina was first calcined in air at 400 °C for 5 hours and was kept in a dessicator.
2) The following experimental steps were then carried out using the same procedure as
described earlier in step 2) to 10) of section 3.4.3.2.
3) The experiment was repeated by changing the calcining temperature from 400 °C to
500 °C, 600 °C and 700 °C, respectively.

4) Step 1) to 3) were repeated by changing alumina to zinc aluminate.

3.4.3.5 Synthesis of fatty acids using reused catalysts

1) Refined palm oil (70 g, 0.082 mole) was poured into the autoclave.

2) The used alumina catalyst from section 3.4.3.2 (2.10 g, 3.0 % by weight of refined
palm oil) and distillation water (79.75 g, 4.43 mole, water to oil ratio = 54:1) was
added into the autoclave from step 1).

3) The following experimental steps were then carried out using the same procedure as
described earlier in step 4) to 10) of section 3.4.3.2.

4) The reused alumina catalyst was washed several times with acetone, dried, weighed,
and was then heat in oven at 120 °C for 12 hours. The reused alumina catalyst was
then kept in a dessicator.

5) Finally, step 1) to 4) were repeated by changing the catalyst to used zinc aluminate

from section 3.4.3.3.

3.4.4 Characterization of fatty acid product.

3.4.4.1 Nuclear Magnetic Resonance Spectrometer (NMR) to determine the yield

The percent yield of fatty acid product was determined using the NMR technique. The
fatty acid product was diluted in deuterochloroform. The measurement was performed on a
Bruker AVANCE DPX300 NMR spectrometer with 300-MHz proton resonance 40 frequency.
The integral spectra were obtained in separated scans from 0 to 10 parts per million (ppm).

The free fatty acids (FFA) from palm oil were quantitatively determined by NMR
spectroscopy. Assignments of the '"H NMR peaks are listed in Table 3.1



Table 3.1: Assignment of 'H NMR peaks of oleic acid and palm oil
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compound/chemical shift, &

Proton(s) Functional group (ppm)

oleic acid palm oil
CH,-C terminal methyl group 0.88 0.85-0.88
-(CH,) - backbone CH, 1.14-1.43 1.25-1.30
-CH,CH,COOH  B-methylene proton 1.54-1.69 1.61
=CH-CH,- a-methylene group to one double bond 1.92-2.11 2.01-2.05
-CH,COOH a-methylene group to acid 2.34 -
-CH,COOR a-methylene group to ester - 2.28-2.33
=CH-CH,-CH=  a-methylene group to two double bonds - 2.74-2.76
-COOCH, methyl group of ester - -
-CH,0COR methylene group (C,and C,) of glyceride - 4.11-4.17
-CHOCOR methine proton at C, of glyceride - -

a-CH, peaks of fatty acids appear at § values higher than those of the glyceryl (palm oil)

esters when the quantification of FFA content in palm oil is attempted by 'H NMR. The

difference in chemical shift between the fatty acids and ester is shown in Figure 3.2a. One of the

triplet peaks of FFA shifts out of the a-CH, region of the ester with two peaks of the FFA triplet

merged with the other two of ester as shown in Figure 3.2b. This can be used to determine the

FFA content in palm oil.
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Figure 3.2 'H NMR spectrum in a-CH, region: (a) glyceryl (palm oil) esters and oleic acid

(FFA) and (b) mixture of oleic acid and its glyceryl ester.
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Figure 3.3 'H NMR spectrum and assignment of palm oil peaks.



38

The triplet peaks appear with an intensity ratio of 1:2:1. The total area corresponding to
a-CH, of both FFA and ester can be determined by integrating the spectral region at 2.20-2.41
ppm. The area of the unmerged peak of the FFA triplet can be determined by integration of the

spectral region at 2.37-2.41 ppm. The weight percentage of FFA in oil is thus [51]

4xarea of umerged peak of C(-CHzof FFA

Free fatty acids (FFA), % = x 100%

total area of Q-CH2 of both FFA and ester

3.4.4.2 High Performance Liquid Chromatography (HPLC) to determine the conversion

The percent conversion of triglyceride can be determined using HPLC. The system used
was Altima high liquid chromatography equipped with Evaporative Light Scattering Detector
(ELSD). The sample analysis was performed using Altima C18 (Sum) column; 150 mm.x4.6 mm
i.d., with a mobile phase of dichloromethane-acetonitrile (gradient), a flow rate of 1 ml/min at
ambient, and drift tube temperature of 75 °C with nitrogen. The injector volume was 50 pl of

0.0125 g fatty acid product in 25 ml of 70:30 acetonitrile: dichloromethane.

The weight percentage of refined palm oil calculated from HPLC chromatogram is thus

Concentration of tnglycerides from HPLC chromatogram (g/ml)  weight of triglyceride in product mixture (g)

Concentration of product mixture used for HPLC (g/ml) B weight of product mixture from reaction (g)

weight of palm oil (g) - weight of triglyceride in product (g)
weight of palm oil (g) *

% conversion =

100
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CHAPTER 4
RESULTS AND DISCUSSION

In this research, hydrolysis reactions of refined palm oil to fatty acids were carried out in
Parr reactor using alumina and zinc aluminate as catalysts. The results shown in this chapter are
from characterization of the catalysts by X-ray Powder Diffractometer (XRD) and Gas
Adsorption Analyzer (Autosorb-1C), determination of the chemical composition of catalysts
using Atomic Absorption Spectrophotometer, characterization of fatty acid products by Nuclear
Magnetic Resonance Spectrometer (NMR) to determine the yield, and characterization of fatty
acid products by High Performance Liquid Chromatography (HPLC) to determine the conversion
of triglycerides, The variables such as the effect of calcination temperature, the type of catalyst,
the amount of catalysts, reaction temperature, reaction time, water to oil ratio and the reuse of
catalysts that affect the yield of fatty acids and conversion of triglycerides over the hydrolysis of

refined palm oil are discussed.

4.1 Characterization of palm oil

The main compositions of fatty acids in palm oil are myristic acid, palmitic acid, stearic
acid, oleic acid and linoleic acid which have general structure as shown in Figure 4.1. Its
composition was characterized using Nuclear Magnetic Resonance Spectrometer (NMR) and

High Performance Liquid Chromatography (HPLC).

1l
HC—O0O—C—R
2 1
O

HC—O—C— R,
n
HC—O—C—R
2 3
R,R,andR,= CH,«(CH,),,-(myristic acid), CH,-(CH,),,- (palmitic acid),

CH,~(CH,) - (stearic acid), CH,~(CH,),-CH=CH-(CH,),- (oleic acid),
and CH,~(CH,),-CH=CH-CH,-CH=CH~(CH,),- (linoleic acid)

Figure 4.1 The general structure of fatty acids in palm oil.
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Figure 4.2 '"H-NMR spectrum of refined palm oil in CDCI,.

'H-NMR spectrum of palm oil in CDCI, (Figure 4.2) shows the signals of methyl
protons (CH,-C-) and methylene protons (-C-CH,-C-) at § 0.85-0.88 and 1.25-1.30 ppm,
respectively. The signal of -CH,-C-COO-C- appears at § 1.61 ppm. The signal of -CH,-C=C-
appears at § 2.01-2.05 ppm. The signal of —CH,-COO-C- appears at § 2.28-2.33 ppm. The signal
of -C=C-CH,-C=C- appears at d 2.74-2.76 ppm. The signals of —-CH,-O0OC-R- and > CH-OOC-R

appear at § 4.11-4.17 and 4.27-4.32 ppm, respectively. The signal of ~CH=CH- appears at
$5.26-5.35 ppm.

.20
77516

1 2 3 4 &5 6 1 8 9 10 11 12 23 14 1% 16 17 I8 19 20 21 22 23 24 25 26 37 28 29

Figure 4.3 High Performance Liquid Chromatogram of refined palm oil.
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The chromatogram of refined palm oil from high performance liquid chromatography is
illustrated in Figure 4.3. The sample analysis was performed using Altima C18 (5um) column;
150 mm. x 4.6 mm i.d., with a mobile phase of dichloromethane-acetonitrile (gradient), a flow
rate of 1 ml/min at ambient, and drift tube temperature of 75 °C with nitrogen. The injector
volume was 50 pl of 0.0125 g fatty acid product in 25 ml of 70:30 acetonitrile : dichloromethane.
It shows that the peaks which belong to the triglycerides of refined palm oil appear at the

retention time of 23-28 minutes.
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Figure 4.4 Thermal degradation of refined palm oil
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Figure 4.5 Oxidative degradation of refined palm oil
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Figure 4.4 and 4.5 indicate that refined palm oil starts to evaporate rapidly from liquid to
vapor accompanied by degradation. The thermal and oxidation stabilities were determined from
the onset temperatures under nitrogen and oxygen atmospheres, which were found to be 380.03 °C

and 427.85 °C, respectively [58].

4.2 Characterization of catalysts

Commercial alumina was calcined in air at 500 °C. The prepared zinc aluminate was
characterized by X-ray diffraction methods. The XRD pattern shows that the product has a single
phase and that the only peaks detected were the characteristic peaks of the cubic phase zinc
aluminate. AAS analysis also showed the presence of Zn and Al in the 1:2 molar ratio
confirming the formation of single-phase zinc aluminate particles. Zinc aluminate was then
calcined in air at 600 °C for 5 hours. Both catalysts were kept in desiccator before used as catalyst

for hydrolysis reactions.

4.2.1 Catalyst structure

Structure of catalysts was determined by X-ray Powder Diffractometer (D8 Avance,
Bruker, Scientific Instruments Service Centre; KMITL). CuKoe X-ray beam was used for
analysis. X-ray diffraction patterns of alumina scanned from 20 angle 20° to 60° after calcinations
at 500 °C and zinc aluminate scanned from 26 angle 20° to 80° after calcinations at 600 °C are
shown in Figure 4.6 and 4.7, respectively.

Figure 4.6 shows the XRD pattern of highly crystalline alumina at 20 = 25.4°, 35.02°,
37.62°, 43.2°, 52.4° and 57.34°. Figure 4.7 shows the XRD pattern of highly crystalline
zinc aluminate at 20 = 31.32°, 36.90°, 44.88°, 49.10°, 55.65°, 59.45°, 65.25°.
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Figure 4.7 X-ray diffraction pattern of zinc aluminate.
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4.2.2 Specific surface area

Surface area of solid oxides was determined by Gas Adsorption Analyzer (Autosorb-1C,
Quantachrome). The nitrogen adsorption was measured at the partial pressure (P/P0) ranged from
10° to 1.0 at 77.4 K. The BET surface area analysis of calcined alumina at 500 °C and zinc

aluminate at 600 °C are shown in Table 4.1.

Table 4.1 The specific surface areas of catalysts

Catalyst Specific surface area (mZ/g)
Alumina (500 °C) 21.17
Zinc aluminate (600 °C) 130.19

4.2.3 Acidity/Basicity of the catalysts.

On the basis of the method described in sections 3.4.2.5 and 3.4.2.6 using Hammett
indicators followed by the titration, acid/base site strength and acidity/basicity was determined
[49,50]. Acidic or basic site strength was estimated according to solution color change.
Alumina and zinc aluminate was found to be amphoteric with a site strength (H,) in the range
of 6.8 and 8.2. The benzene solutions from both catalysts gave an orange coloration with
Neutral red (pKa strength between 6.8 and 8.2) whereas the methanol solutions from both
catalysts were colorless with phenolphthalein (pKa strength between 0.0 and 8.2).

Table 4.2 depicts the type of catalyst with their site strength and acidity/basicity values.
The acidity/basicity of catalyst was determined using a titration method [55]. For basicity, the
basic catalyst (0.1 g) was suspended in 20 cm’ of 0.01M HCI solution for 48 hours, then filtered
to obtain the solution containing unreacted HCI which to be titrated with NaOH (0.01 mol/dm’).
In retrospect, for acidity determination, an acidic catalyst (0.1 g) was suspended in 20 cm’ of
0.01M NaOH solution for 48 hours, then filtered to obtain the solution containing unreacted
NaOH which to be titrated with HCI (0.01 mol/dms). Zinc aluminate was found to be of high

acidity than alumina, with a acidity of 0.59 mmol of NaOH/g of zinc aluminate.




Table 4.2 Site strength of the metal oxides and their respective acidity/basicity value
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Acid/base site Acidity (mmol of Basicity (mmol of
Catalyst Type
Strength, (H, ) NaOH/g of catalyst) HCVg of catalyst)
Alumina amphoteric 6.8 <(Hy) <82 0.24 0.07
Zinc aluminate amphoteric 6.8<(H,)<8.2 0.59 0.26

4.3 Determination of the conversion and yield from hydrolysis

4.3.1 Nuclear Magnetic Resonance Spectrometer (NMR) to determine the yield

The yield of fatty acids in the reaction mixture at different time intervals determined by
'H Nuclear Magnetic Resonance Spectroscopy. The triplet peaks appear with an intensity ratio of
1:2:1. The total area corresponding to a.-CH, of both FFA and ester can be determined by
integrating the spectral region at 2.20-2.41 ppm. The area of the unmerged peak of the FFA triplet
can be determined by integration of the spectral region at 2.37-2.41 ppm. The weight percentage
of FFA in oil is thus [51]

4xarea of umerged peak of 0-CH,of FFA

Free fatty acids (FFA), % = x 100%

total area of (:t-CH2 of both FFA and ester

The results are shown in Figures 4.8 and 4.9. During the hydrolysis of refined palm oil
with water, the decrease of the ester in the reaction mixture was followed, as a function of
time, by the 'H NMR method. At the start of the reaction, 'H NMR spectrum in the a-CH,
region (2.3-2.4 ppm) showed quartetlike spectral pattern of the peaks of the triplet of FFA shifts
out of the a-CH, region of the ester. The intensity of the triplet signals due to ester decreased and
that of the fatty acids increased with the reaction time (Figure 4.9). Finally, at the end of 120
minutes, the peaks corresponding to ester disappeared, and only a triplet corresponding to that of

the fatty acids was detected.
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Figure 4.9 '"H NMR spectra in the 0-CH, region: non-catalytic reaction of refined palm oil with
water as a function of time; reaction condition: molar ratio of water to oil = 54,

reaction temperature = 240 °C.
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4.3.2 High Performance Liquid Chromatography (HPLC) to determine the conversion

In this research, the percent conversion of triglycerides was determined using High
Performance Liquid Chromatography. These triglycerides separated by high performance liquid
chromatography appear at the retention time between 23-28 minutes in chromatograms, while the
peaks observed at the retention time of 15-23 minutes are believed to be partially hydrolysed
esters such as diglycerides. Monoglycerides appear at the retention time of less than 13 minutes.
A similar result has also been reported by Joshi, Toler and Walker [52, 53] which studied the
production of biodiesel by transesterification of cottonseed oil. The reaction was carried out using
ethanol and potassium hydroxide (KOH). The biodiesel was analyzed for conversion using a
HPLC equipped with an ELSD detector. The mobile phase was a mixture of acetonitrile and
dichloromethane. During the transesterification process, intermediate glycerols such as
monoacylglycerols (MAGs) separated by high performance liquid chromatography appear at the
retention time of less than 13 minutes, diacylglycerols (DAGs) appear at the retention time of
15-23 minutes and triglycerides appear at the retention time between 23-28 minutes in the final
biodiesel product.

For example, it is found that the HPLC chromatogram of sample 2 (Figure 4.11) is
different from that of sample 1 (Figure 4.10) in which the peaks of triglycerides completely
disappear due to the complete conversion. The conversion of triglycerides calculated from HPLC

chromatogram will be discussed in Appendix A
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Figure 4.10 High Performance Liquid Chromatogram of non-catalytic reaction of refined palm
oil with water; reaction condition: molar ratio of water to oil = 54, reaction

temperature = 230 °C, reaction time 30 minutes (sample 1).
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Figure 4.11 High Performance Liquid Chromatogram of non-catalytic reaction of refined palm
oil with water; reaction condition: molar ratio of water to oil = 54, reaction

temperature = 230 °C, reaction time 120 minutes (sample 2).

4.4 Effect of parameters on hydrolysis

The hydrolysis reactions of refined palm oil were carried out in a Teflon-lined stainless-
steel autoclave under autogeneous pressure in the non-catalytic and catalytic hydrolysis methods.
Solid oxide catalysts, namely alumina and zinc aluminate, were used. The variables affecting the
conversion and yield of hydrolysis reaction, such as the type of catalysts, amount of catalyst,
reaction temperature, calcination temperature, reaction time and the molar ratio of water to palm
oil were investigated. The results were also compared with that from the reaction using no

catalyst. Furthermore, the reuse of both catalysts were also investigated in this research.

4.4.1 The effect of the calcination of catalysts

The effect of calcination temperatures on the catalytic properties of alumina and zinc
aluminate were investigated with the goal to determine the optimum pretreatment temperature and
to understand the nature of active sites for hydrolysis reaction. To activate the catalyst, alumina
and zinc aluminate were dehydrated and pretreated for 5 hours in air in a furnace at calcination
temperatures from 400 °C to 700 °C. Catalyst total surface area was determined using a
multipoint BET method. The individual phase of alumina and zinc aluminate alone was identified
at the minimal temperature at 400 °C. As the calcination temperature increased, a decrease in its

specific surface area was detected as shown in Table 4.3.
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Table 4.3 Properties for catalysts calcined at various temperatures.

o BET surface area (m2/g)
Calcination temperature ( C)
Alumina Zinc aluminate
400 21.58 299.03
500 21.17 194.67
600 18.55 130.91
700 18.02 86.46

Figure 4.12 shows the XRD pattern of highly crystalline alumina at 20 = 25.4°, 35.02°,
37.62°,43.2°, 52.4° and 57.34°. It can be deduced that the structure of alumina was not changed,
however, the peak intensity was increased with the calcination temperatures due to an increasing

in its crystallinity.
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Figure 4.12 XRD diffraction patterns of alumina calcined at various temperatures; (a) calcined at

400 °C; (b) calcined at 500 °C; (c) calcined at 600 °C.
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Figure 4.13 XRD diffraction patterns of zinc aluminate calcined at various temperatures;

(a) calcined at 500 °C; (b) calcined at 600 °C; (c) calcined at 700 °C.

The purity and crystallinity of the zinc aluminate nanoparticles were examined by using
powder X-ray diffraction (XRD), as shown in Figure 4.13. The diffraction peaks are broadened
markedly due to the small size effect of the particles. The peaks appearing at 20 = 31.32°, 36.90°,
44.88°, 49.10°, 55.65°, 59.45°, 65.25°, 74.07°, and 77.35°can be indexed as (22 0), (3 1 1), (4 0 0),
(331),(422),(511),(440),(620),and (5 3 3) crystal planes of the cubic crystalline structure of
zinc aluminate, respectively, in accordance with the standard JCPDS card of cubic spinel-type
zinc aluminate (JCPDS File No. 05-0669). AAs analysis showed the presence of Zn and Al in
the 1:2 molar ratio confirming the formation of single-phase zinc aluminate particles. The catalyst
samples calcined for 5 hours from 600 to 700 °C (Figure 4.13 (b) and (c)) showed clear and sharp

peaks of a crystalline phase of zinc aluminate. In contrast, the calcined catalyst at 500 °C
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(Figure 4.13 (a)) exhibited the mixed crystalline phases between zinc oxide and zinc aluminate.
The XRD pattern of the sample shows the value of full width at half maximum (FWHM) for the
(3 1 1) diffraction peaks decrease slightly and the intensity of the diffraction peaks increases after
the calcinations what is associated with an increase in the degree of crystallinity and in the
crystallite size. The sample obtained by calcination of the precursor above 500 °C is a single-
phase material, and no impurities are observed in the resulting product. It was consistently
reported by X. Wei and D. Chen {34] which showed that the high purity of zinc aluminate can
be achieved in the preparation of nanosized ZnAl,O, when calcination temperature was raised.

To determine the effect of the calcination temperature of catalysts, the hydrolysis
reactions of refined palm oil were carried out with a fixed water molar ratio of 54:1, reaction
temperature of 230 °C and 3.0 wt.% of solid oxides pretreated at varied calcination
temperature from 400 °C to 700 °C. The results are given in Table 4.4 which shows the
relationships between the calcination temperatures of catalysts and yield of fatty acids. The
activity-changed profiles indicate that the catalytic activities depend on the calcination
temperature. After calcinations at elevated temperatures from 400 to 700 °C, the catalysts
exhibited the increased catalytic activity. This suggests that the high temperature pretreatment is

indispensable for getting high activities of the catalysts.

Table 4.4 The effect of the calcinations temperature of catalysts on % yield of fatty acid; reaction
condition: reaction temperature = 230 °C, molar ratio of water to refined palm oil = 54,

3.0 wt.% of catalysts, reaction time = 60 minutes.

Catalyst Alumina Zinc aluminate
Calcination
% yield of fatty acids % yield of fatty acids

Temperature (C)

400 54.05 68.23

500 61.56 70.95

600 58.72 77.74

700 61.31 73.57
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4.4.2 The effect of the amount of catalyst

In this research, the amount of catalyst was varied from 0.0 to 5.0 wt.% while the
calcinations temperature of alumina was fixed at 500 °C and zinc aluminate was fixed at 600 °C,
reaction temperature was fixed at 230 °C, water to oil molar ratio of 54, reaction time of
60 minutes, respectively. The effect of the amount of catalyst on percent yield are shown in
Table 4.5 and plotted in Figures 4.17, the yield of the reaction increased with the amount of
catalyst. It can be assure that alumina and zinc aluminate can evidently accelerate the fatty acids
yield even if a small amount was added. When the amount of catalysts increased to 3.0 wt.%, the
yields of 58.72 % and 77.74 % were reached using alumina and zinc aluminate, respectively. The
hydrolysis rate was significantly improved as the amount of catalysts increased from 0.0 to 5.0 wt.%.
However, since the percent yield of fatty acid increased a little when the amount of catalyst was

further increased from 3.0 to 5.0 wt.%, therefore 3.0 wt.% of both catalysts was chosen.

Table 4.5 The effect of the amount of catalyst on % yield of fatty acids; reaction condition:
reaction temperature = 230 °C, molar ratio of water to refined palm oil = 54, reaction

time = 60 minutes.

Catalyst Alumina Zinc alumiante
wt. % of catalys % yield of fatty acids % yield of fatty acids
0.0 42.04 42.04
1.0 47.98 66.67
2.0 54.57 74.98
3.0 58.72 77.74
4.0 58.90 78.91
5.0 59.32 81.25
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Figure 4.17 Effect of the amount of catalyst on % yield of fatty acids; reaction condition:
reaction temperature = 230 °C, molar ratio of methanol to palm oil = 54, reaction

time = 60 minutes.

4.4.3 The effect of water to oil ratio

The mechanistic for the heterogeneous catalysed hydrolysis was shown to be in principle
similar to homogeneous catalyzed hydrolysis. Both triglyceride and water can be adsorbed on the
zinc aluminate. The reaction mechanism of acid catalysed hydrolysis is suggested in Figure. 4.18.
The interaction of the carbonyl oxygen of fatty acid with the Lewis acidic site (L) of the catalyst
forms carbocation. The nucleophilic attack of water to the carbocation produces a tetrahedral
intermediate, the new ester desorbs from the Lewis site and the cycle is repeated. The reaction
mechanism of base catalysed hydrolysis is suggested in Figure. 4.19. Water can be adsorbed on
the base site (B') of the catalyst and forms oxygen anion. The nucleophilic attack of water to the
esters produces a tetrahedral intermediate. Then the hydroxyl group breaks and forms two kinds
of esters. In both cases, these cycles are repeated twice to ultimately yield FFAs and glycerol as

final product.
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R1, R2: Carbon chain of fatty acid.

Figure 4.18 Proposed catalytic cycle for zinc aluminate in acid catalysed hydrolysis.

B: Base site on the catalyst surface

R2, R3: Carbon chain of fatty acid.
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Figure 4.19 Schematic representation of possible mechanism for base catalysed hydrolysis of

triglyceride.
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The molar ratio of water to refined palm oil is one of the most important variables
affecting the conversion of refined palm oil and the yield of fatty acids converted. The
stoichiometric molar ratio of water to palm oil was 3:1. But when the mass transfer was limited
due to problems of mixing, the mass transfer rate seemed to be much slower than the reaction
rate, so the molar ratio of water to oil should be higher than that of stoichiometric ratio in order to
drive the reaction towards completion and produce more fatty acids as product.

The effect of molar ratio of water to refined palm oil was varied within a range between
13:1 to 108:1. The reactions were carried out with 3.0 wt.% of both catalysts, reaction time
of 60 minutes at 230 °C. The experimental results are shown in Table 4.6 and are plotted in
Figures 4.20 which shows the relationships between the molar ratio of water to refined palm
oil, and yield of fatty acids from non-catalytic and catalytic hydrolysis reaction. The fatty acids
yield increased as the molar ratio increased. However, after the 54:1 molar ratio of water to
refined palm oil was used, the yield increased slowly because the glycerine by product reach
equilibrium conditions. At the point of equilibrium, the rates of hydrolysis and re-esterification
are equal. The glycerine byproduct must be withdrawn continuously to force the reaction to
completion [40]. The water to refined palm oil molar ratio of 54:1 clearly results in the best
hydrolysis reaction in which the yields of 58.72 % and 77.74 % were reached using alumina and
zinc aluminate within 60 minutes.

Kusdiana and Saka [14] has reported that, without a catalyst, the best hydrolysis reaction
of rapeseed oil required the water to oil molar ratio of 54:1, a 80 % yield of fatty acids was
observed in 20 minutes under a high reaction temperature (at 270 °C) and high pressure (above
70 bar), which are not viable in practice in industry. However, the results achieved in this
research with the used of zinc aluminate showed that the water to refined palm oil molar ratio of

54:1 clearly results in the better hydrolysis reaction that occur under milder reaction conditions.



59

Table 4.6 The effect of the molar ratio of water to refined palm oil on % yield of fatty acids;
reaction condition: reaction temperature = 230 °C, 3.0 wt.% of catalysts, reaction

time = 60 minutes.

Catalyst Non catalyst Alumina Zinc aluminate
Water : oil % yield of fatty acids | % yield of fatty acids | % yield of fatty acids
13:1 3227 44.38 66.02
26:1 38.37 55.58 74.31
54:1 42.04 58.72 77.74
81:1 42.59 60.97 71.66
108:1 43.77 61.85 77.48
FFA content (wt.%)
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Figure 4.20 Effect of the molar ratio of water to refined palm oil on % yield of fatty acids;
reaction condition: reaction temperature= 230 °C, 3.0 wt.% of catalysts,

reaction time = 60 minutes.
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The total surface area of catalyst has tremendous effect on the reaction rate. The rate of
reaction increases when the surface area increased because the high surface area means many
active sites per mass unit of the catalyst. Both catalysts in this thesis were determined by nitrogen
physisorption. BET specific surface areas of zinc aluminate and alumina were 130.19 mz/g and
21.17 mz/g, respectively. Zinc aluminate had higher surface area than alumina, which gave
high catalytic activity for hydrolysis.

The relationship between the surface hydrophobicity and the catalyst's activity are also
very important. The mechanism of hydrophilic solid acid catalyzed hydrolysis showed in
Figure 4.21 indicates that water does indeed have an inhibitory effect on hydrolysis on a solid
acid surface by competing for active sites on the catalyst surface. Water molecules are well
known to adsorb on hydrophilic solid acid sites [38]. As the zinc aluminate has hydrophobic

nature, the triglycerides adsorption is improved. Therefore, the palm oil conversion is elevated.
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Figure 4.21 Influence of the surface hydrophobicity on the catalytic activity; (top) adsorption of a
fatty acid on a hydrophobic catalyst; (bottom) formation of water layer on hydrophilic

catalyst [38].
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4.4.4 The effect of reaction temperature

To determine the effect of reaction temperature on the fatty acid formation, hydrolysis
reactions of refined palm oil were carried out with a fixed water to refined palm oil molar ratio of
54:1. The reaction temperature was varied from 220 °C to 240 °C, using 3.0 wt.% of alumina,
3.0 wt.% of zinc aluminate and no catalyst, respectively. Table 4.7 and Figures 4.22 show the
relationships between the temperature with fatty acids yield of non-catalytic and catalytic
hydrolysis refined palm oil. Temperature plays an important role in the hydrolysis of fats and oils.
Increasing reaction temperature can lead to better reaction kinetics and improved phase
miscibility, important in a potentially diffusion-limited process. It was observed that increasing in
the reaction temperature had a favorable influence on fatty acids yield. This is because liquid
water is a polar solvent and has hydrogen bondings. As the fact that the degree of hydrogen
bonding decreases with increasing temperature. This phenomenon with the high temperature
conditions seems to be likely to promote hydrolysis reaction of refined palm oil [40].

As shown in Table 4.7 and Figures 4.22, the yields of fatty acids were relatively low even
after a 60 minutes in non-catalytic reaction. At 220 °C with the use of catalysts, the yields of fatty
acids were enormously improved, with alumina at 29.31 % and zinc aluminate at 48.64 %,
respectively. As the temperature increased, the yield continued to improve markedly and zinc
aluminate gave higher yield than alumina at the same reaction temperatures. The results indicated
that when the reaction temperature was raised to 240 °C at pressure of 30 bar, the highest yields of
fatty acids with alumina and zinc aluminate catalyst which were 86.02 % and 100.00 %,
respectively, were achieved. This result is shown to be more commercially practical when
compared to those from the previous researches. Alenezi, G.A. Leekea, R.C.D. Santos and
AR. Khan [44] studied the thermal non-catalytic hydrolysis of sunflower oil with subcritical
water. A number of experimental runs were conducted in a tubular reactor over a range of
temperatures from 270 °C to 350 °C and reaction times (up to 30 min) at 200 bar and was found to
be an effective method for producing a fatty acid yield of greater than 90 % without any catalyst.

Such high temperatures and pressures lead to high energy consumption.
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Table 4.7 The effect of the reaction temperature on % yield of fatty acids; reaction condition;
molar ratio of water to oil = 54, 3.0 wt.% of catalysts, reaction time = 60 minutes,

reaction temperature 220 °C, 230 °C and 240 °C.

Catalyst Non catalyst Alumina Zinc aluminate
Reaction
% yield of fatty acids | % yield of fatty acids | % yield of fatty acids
Temperature ('C)
220 16.18 29.31 48.64
230 42.04 58.72 77.74
240 73.86 86.02 100.00
FFA content (wt.%)
100 -
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Figure 4.22 Effect of the reaction temperature on % yield of fatty acids; reaction condition:
molar ratio of water to oil = 54, 3.0 wt.% of catalysts, reaction time = 60 minutes,

reaction temperature 220 °C, 230 °C and 240 °C.




63

4.4.5 The effect of reaction time

The effect of reaction time on percent conversion and yield of fatty acids were
investigated. The conditions were carried out with a fixed water molar ratio of 54:1, reaction time
after the designated temperature was reached was varied from 30 minutes to 150 minutes, with
0.0 wt.% and 3.0 wt.% of alumina or zinc aluminate, respectively. The conversion and yield of the
hydrolysis reaction at different reaction time are shown in Table 4.8, Figure 4.23 and Figure 4.24.
After the reactor’s temperature reached the pre-set temperature, the fatty acids conversion and
yield increased with increasing in reaction time for both catalytic and non-catalytic reactions.
Considering both alumina and zinc aluminate, it was found that the percent conversion and yield
were boosted up in 60 minutes before finally became constant. This was due to the high reaction
rate over the start of the reaction. Zinc aluminate gave higher conversion and yield than alumina
over the same reaction time. Zinc aluminate gave 100.00 % yield within 60 minutes while
alumina gave 86.02 % yield within 60 minutes of the reaction. At 240 °C, a 60 minutes
hydrolysis resulted in high conversion of triglyceride and yield of fatty acids.

J.K. Satyarthi, D. Srinivas and P. Ratnasamy [40] found that solid Fe-Zn double-metal
cyanide (DMC) complexes exhibit high catalytic activity for hydrolysis of soybean oil. In a batch
reaction, complete conversion of triglycerides and fatty acid yields greater than 73% were
obtained at 463 K, autogenous pressure and with 5 wt.% of catalyst. The kinetics of hydrolysis
of soybean oil was also monitored by 'H NMR spectroscopy, it can be concluded that the
conversion of triglycerides and rate of fatty acids formation was increased with time and
remained nearly constant after 8 hours. From Figure 4.23 and 4.24, the results from this research
were found to be in the same case that the conversion of triglycerides and reaction rate was

increased by increased the reaction time during 0-60 minutes.



Table 4.8 The effect of reaction time on % conversion of refined palm oil and yield of fatty

acids; reaction condition: molar ratio of water to oil = 54, 3.0 wt.% of catalysts,

reaction temperature = 240 °C.

Catalyst Non catalyst Alumina Zinc aluminate
%yield | %conversion | %yield | %conversion | % yield | %conversion
(minutes)

30 19.43 56.46 33.79 63.46 57.18 74.28
60 73.86 85.65 86.02 96.85 100.00 100.00
90 90.29 96.97 100.00 100.00 100.00 100.00
120 100.00 100.00 100.00 100.00 100.00 100.00
150 100.00 100.00 100.00 100.00 100.00 100.00
TG conversion (wt.%)

e NON-catalyst

el Alumina

gy Zine aluminate

0 30 60 90 120 150
time (minutes)

Figure 4.23

Effect of the reaction time on % conversion of refined palm oil; reaction condition:

molar ratio of water to oil = 54, 3.0 wt.% of catalysts, reaction temperature= 240 °c.
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Figure 4.24 Effect of the reaction time on % yield of fatty acids; reaction condition: molar ratio

of water to oil = 54, 3.0 wt.% of catalysts, reaction temperature = 240 °C.

4.4.6 The effect of the type of catalyst

The catalyst is an important factor in the hydrolysis reaction. The effect of the type of
catalyst, alumina and zinc aluminate, was studied. The results are shown in Table 4.8 and are
illustrated as shown in Figures 4.23 and 4.24. The reactions were carried out with a fixed water
molar ratio of 54:1 with reaction time varied from 0 to 150 minutes at 240 °C using 3.0 wt.% of
alumina and zinc aluminate, respectively. The results showed that, over the same reaction
temperature, zinc aluminate gave higher conversion and yield than alumina. The reaction with
zinc aluminate approached to 100.00 % conversion and 100.00 % yield after 60 minutes, while
alumina gave 95.41 % conversion and 86.02 % yield after the same period. By considerating both
solid oxides, it is clear that zinc aluminate has higher activity for hydrolysis than alumina because

zinc aluminate higher surface area than alumina.
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CHAPTER 5
CONCLUSIONS AND SUGGESTIONS

5.1 Conclusions

Hydrolysis reaction of refined palm oil and water using solid oxide catalysts was
investigated. Parameters that affect on percent yield of fatty acids i.e. the effect of calcinations
temperature, type of catalyst, amounts of catalysts, reaction temperature, reaction time, water to oil
ratio and the reused of catalysts were also investigated. The catalysts used in this study were
characterized by X-ray powder diffractometer (XRD), Atomic Absorption Spectrophotometer
(AAS), Gas Adsorption Analyzer (BET) and Scanning Electron Microscopy (SEM), and the
products obtain from reaction were analyzed by Nuclear Magnetic Resonance Spectrometer (NMR)
and High Performance Liquid Chromatography (HPLC), respectively.

The results showed that hydrolysis of refined palm oil using zinc aluminate synthesized
by co-precipitation and calcining at 600 °C gave the higher catalytic activity than a-alumina
(J.T.Baker) because zinc aluminate higher surface area than alumina. Zinc aluminate obtained
from this work also possessed high acidity and basicity greater than alumina. Therefore, zinc
aluminate catalyst is suitable catalyst in this study. The yield of fatty acids can be increased by
increasing the amonts of catalysts, reaction temperature, reaction time, molar ratio of water to oil.
The catalyst can be reused more than 5 cycles (with slightly decrease in yield). The reaction with
the zinc aluminate catalyst achieved 100.00 % conversion and 100.00 % yield after 60 minutes
under the optimized reaction condition: 240 °C, 3.0 wt.% catalyst dosage, water molar ratio of 54.
It was considered as the best condition for fatty acids production in this research. Comparing with
the non-catalysis reaction, less energy was needed for this condition. Furthermore, the reaction
temperature and the reaction time required were significantly reduced, which gave the process the
lower production costs. The relatively mild reaction conditions and high yield of fatty acids make

it more viable for practical use in industry.

5.2 Suggestions
Water in hydrolysis of palm oil is a hydrophilic solvent. Qil and fat (TGs) are aprotic

(hydrophobic) and are immiscible with water. Mono- and diglycerides are less hydrophobic than
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the starting triglycerides and are more miscible with water. As a result, the mono-and diglycerides
function as emulsifiers and enhance the mixing of the triglyceride layer with water. The
miscibility of water and triglycerides can be boosted up by addition of suitable solvents, phase

transfer agents and surfactants.
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APPENDIX A
PRODUCT CALCULATION

1. Percent conversion of triglycerides calculated from HPLC chromatogram
Example 1. Determination of percent conversion of triglycerides from the hydrolysis of refined
palm oil using 54:1 triglyceride/water, 3.0 % zinc aluminate at 240 °C for 30 minutes (sample 1,

Figure A-1).
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Figure A-1 HPLC chromatogram of sample 1.

Table A-1 Intensity histogram from HPLC spectrum of sample 1.

Component Retention Area Area % Units
8.083 1120.1720 4.4982
8.650 181.7585 0.7299
9.716 15601.3550 62.6499
16.966 142.3525 0.5716
17.433 344.8590 1.3848
26.016 1182.7100 4.7494
26.433 4704.4260 18.8914

27.300 1101.1940 4.4220
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Figure A-2 HPLC chromatogram of refined palm oil.

From Figure A-2, the signals of triglycerides separated by the high performance liquid

chromatography appear at the retention time between 23-28 minutes in chromatograms

Area
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Figure A-3 Calibration curve for refined palm oil.
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Table A-2 Concentration of triglycerides in sample 2 from the calibration curve.

Retention time (minutes) Component Area
26.016 Triglyceride 1182.7100
26.433 Triglyceride 4704.4260
27.300 Triglyceride 1101.1940
Sum area 7651.751
Concentration of triglycerides 134.347 ppm

Concentration of triglycerides from HPLC chromatogram (g/ml)

weight of triglyceride in product mixture (g)

Concentration of product mixture used for HPLC (g/mf)

% comversion ==

134.347x10"° g/ml

weight of product mixture from reaction (g)

A

0.0005 g/ml

A

A

67

weight of liglycenide in product mixture (g)
= 1800 g

weight of palm oil (g) - weight of tnglyceride in product (g) < 100

70

70-18.00

74.28%

weight of palm oil (g)

x 100
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2. Percent yield of fatty acids calculated from 'H-NMR spectrum
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Figure A-4 '"H-NMR spectrum in CDCl, of non-catalytic reaction of refined palm oil with
water; reaction condition: molar ratio of water to oil = 54, reaction time = 60

minutes, reaction temperature 240 °C (sample 2).

The triplet peaks appear with an intensity ratio of 1:2:1. The total area corresponding to
a-CH, of both FFA and ester can be determined by integrating the spectral region at 2.20-2.41
ppm. The area of the unmerged peak of the FFA triplet can be determined by integration of the

spectral region at 2.37-2.41 ppm. The weight percentage of FFA in oil is thus

4xarea of umerged peak of U-CHzof FFA

Free fatty acids (FFA), % x 100

total area of a-CH2 of both FF A and ester

] 4x0354
Free fatty acids (FFA), % = x 100

(0354+1.563)

Free fatty acids (FFA), % = 73.86
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3. Molar ratio of zinc aluminate calculated from AAS

Preparation of sample was done by diluted digestion 0.5830 g of ZnALQ, in 50

ml distilled water and then diluted it for AAS analysis,

Figure C-7 Calibration curve of zinc from fresh catalyst

Ourve FE = Quatratic Origin
‘Characteristio Cone = 0.0762mgh.
r = 1.0000
Calcutated Cone » -0,0037 1:0137 20078 4.9663 4.0863
Rasiiuals = 0.0037 .0.0137 -0.0078 0.0137 7.9883
Abz = - 0.0 Cx C+0.05722x C
checksi 4.9620 03 02698
Readings
0.2608 o2 0.2685
ZoAROS 4 (DA1: 700) 50652 08 03154
i Poadings
03169 0.3159 0.3134
ZARR0 2 [DV1:700) 5.7012 04 o307
: Readings
0.3074 03058 0.3081
Lo 8.0117 04 02719
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The Zn, Al concentration from calibration curve is thus

Detection limit (ppm) = s x dilution factor

(s = standard deviation of instrument “readings” in ppm.)

3.1 Zn concentration in samplel (ZnALO, 1) ; s = 5.8652, dilution factor = 700

Detection limit (ppm) 5.8652 x 700

4,105.64 mg/l

From AAS analysis, the concentration of Zn is 4,105.64 mg/l from stock solution.

Stock solution 1000 ml has Zn concentration = 4,105.64 mg
) . 4,105.64 mg
Stock solution 50 ml has Zn concentration = —— = X 50ml
1000 ml
= 205.28 mg

0.583 g of sample 1 has Zn concentration 205.28 mg

205.28 mg x 1000 g
0.583 g

1000 g of sample 1 has Zn concentration =

352,113.21 mg/kg

352,113.21m 1 1 mol
g X g X

Covert of mg/kg to mol/kg 1kg 1000mg MW

5.39 mol/kg
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Figure C-8 Calibration curve of aluminium from fresh catalyst
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3.2 Al concentration in samplel (ZnAl,O, 1) ; s = 17.249, dilution factor = 200

17.249 x 200

I

Detection limit (ppm)

3,449.80 mg/l
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From AAS analysis, the concentration of Alis 3,449.80 mg/l from stock solution.

Stock solution 1000 ml has Al concentration

Stock solution 50 ml has Al concentration

0.583 g of sample 1 has Al concentration

1000 g of sample 1 has Al concentration

Covert of mg/kg to mol/kg

I

3,449.80 mg

3,449.80 mg
= —— X 50ml
1000 ml

172.49 mg

= 172.49 mg

172.49 mg x 1000 g
0.583 g

= 295,866.21 mg/kg

295,866.21 m 1 1 mol

1kg 1000 mg MW

= 10.96 mol/kg

3.3 Ratio of zinc aluminate

Ratio Al : Zn (sample 1)

Al/Zn

10.96 mol/kg
5.39 mol/kg

2.03
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